Temporal cues guide attentional resources toward relevant points in time, resulting in optimized behavioral performance. Although deficits in aspects of attention have been documented in older adults, it remains unknown whether the critical ability to orient attention in time is affected by normal aging. To address this, younger and older adults participated in a temporally cued target-response experiment while electroencephalographic data were recorded. Three conditions (one detection and two discrimination tasks) were used to manipulate task complexity. Response times show that younger adults, but not older adults, used temporal cues to enhance performance regardless of task complexity. Similarly, alpha band activity (8 -12 Hz) and the contingent negative variation preceding targets indicated that only younger adults engaged prestimulus, anticipatory neural mechanisms associated with temporal cues. Overall, these results provide novel evidence that older adults do not use temporal cues to orient attention in time and support an expectation deficit in normal aging.
Introduction
Our ability to direct the focus of limited attentional resources toward task-relevant information enhances behavioral performance (James, 1890) . This attentional orienting, or selective attention, is thought to optimize performance by biasing neural processing of relevant items and suppressing representations of irrelevant distractions (Moran and Desimone, 1985; Fuster, 1990) . Although it has been documented that older adults have deficits in attentional orienting (Dempster, 1992) and expectation-driven neural processes (Vallesi et al., 2009; Bollinger et al., 2011) , it remains unknown whether the ability to orient attention to prespecified points in time is affected by normal aging. We hypothesized that older adults experience behavioral deficits in temporal attention and accompanying underlying neural alterations.
Extensive research has reported the beneficial effects of cueing attention to a spatial location, such that response times during a target detection task are speeded when the target appears at a cued location (Posner, 1980; Posner et al., 1984; Yantis and Jonides, 1990) . Furthermore, it has been known for nearly 100 years that a predictable interval between a warning and a target stimulus results in speeded response times to the target (Woodrow, 1914) . The warning serves to cue an impending target stimulus, thereby allowing temporal expectation to be established when the time interval is predictable. However, warning-signal tasks cannot address the flexibility of cognitive control because the time period between the warning and target must remain consistent from one trial to the next. Research assessing the cueing effect on attention in the time domain has indicated that preknowledge about when a target will appear improves response time (Coull and Nobre, 1998; Miniussi et al., 1999; Lange and Röder, 2006) . These studies used a target-detection task and probed the influence of temporal attention on perception. The data suggest that the deployment of anticipatory resources for perceptual processes such as detection is under flexible cognitive control, as opposed to a rigid process with a set optimal time course.
To evaluate whether temporal attention is affected by normal aging, younger and older adults participated in a temporally cued target-response task ( Fig. 1 ) while EEG data were recorded. Similar to previous research on the role of temporal attention in target detection (Miniussi et al., 1999) , it was expected that younger adults would only use the cues preceding a short foreperiod to benefit performance, and not benefit from cues indicating a long foreperiod. This is because targets following a long foreperiod are inherently cued by the conditional probability of their occurrence (i.e., if a target does not appear after the short time period, it is guaranteed to occur after the long time period transpires). Most germane to this study, it was hypothesized that older adults would not use temporal cues to benefit perceptual performance, and this would be accompanied by alterations in pretarget neural processing. Finally, age-related changes were hypothesized to be more pronounced as task complexity increased from detection, to go/no-go, to the forced-choice condition.
Materials and Methods
Participants. Twenty healthy young adults (mean age, 24.6 years; range, 19 -33 years; 7 females) and 21 older adults (mean age, 69.7 years; range, 62-82 years; 15 females) gave informed consent to participate in the study approved by the Committee on Human Research at the University of California in San Francisco. All participants had normal or correctedto-normal vision and were screened to ensure they were healthy; had no history of neurological, psychiatric, or vascular disease; were not de-pressed; and were not taking any psychotropic or hypertensive medications. Visual acuity was checked for each participant using a Snellen chart and corrective lenses were used as necessary to achieve 20/40 vision or better. Additionally, all participants were required to have 12 years minimum education.
Neuropsychological testing. To ensure older adults were comparable to their age-matched peers, participants in the older age group were required to score within 2 SDs of control values on 13 neuropsychological tests. The neuropsychological evaluation consisted of tests designed to assess general intellectual function (Mini-Mental Status Exam; Folstein et al., 1975) , verbal learning (California Verbal Learning Test, second version; Delis et al., 2000) , geriatric depression (Geriatric Depression Scale; Yesavage et al., 1982) , visual-spatial function (copy of a modified Rey-Osterrieth figure), visual-episodic memory (memory for details of a modified Rey-Osterrieth figure), visual-motor sequencing (trail making test A and B; Reitan, 1958; Tombaugh, 2004) , phonemic fluency (words beginning with the letter D), semantic fluency (animals), calculation ability (arithmetic), executive functioning (Stroop interference test; Stroop, 1935) , working memory and incidental recall (backward digit span and digit symbol; Wechsler Adult Intelligence Scale-Revised; Wechsler, 1981) . All neuropsychological test scores are summarized in Table 1 .
Stimuli and experimental procedure. Stimuli were presented through E-Prime software (Psychology Software Tools) run on a Dell Optiplex GX620 with a 22" Mitsubishi Diamond Pro 2040U CRT monitor. Participants were seated in a dark room, 100 cm from the monitor, with a chin rest. A white circle with a 7 cm inner (8 cm outer) diameter was centered on a black background during the experiment. Figure 1 depicts one experimental trial. Participants were instructed to fixate on a dot (0.5 cm diameter) located in the center of the circle. The fixation period was between 1300 and 1800 ms (selected randomly). A 100 ms cue appeared and contained one of three letters: S, L, or N. These letters indicated the duration of the foreperiod (S ϭ short ϭ 600 ms; L ϭ long ϭ 1400 ms; N ϭ neutral ϭ 600 or 1400 ms). Thus, only S and L cues predicted when the target would appear and will be referred to as PS (predictive short) and PL (predictive long), respectively. The neutral cues will be referred to as NS and NL, depending on whether the N preceded a short or long foreperiod, respectively. One of the four cue types (PS, PL, NS, NL) was selected randomly on each trial, each with a 25% probability. Following the foreperiod, a target appeared with either an x or a ϩ inside the white circle, each with a 50% probability of occurrence. Participants were instructed to respond with a button press as quickly and accurately as possible to the target. Responses were contingent on three different task conditions. The detection condition required participants to respond to either target type (x or ϩ) by pressing two buttons simultaneously with their left and right thumbs. The go/no-go discrimination condition required participants to press both buttons simultaneously when the target was a ϩ, whereas responses were to be withheld if the target was an x. The forced-choice discrimination condition required participants to press the left button for x targets and the right button for ϩ targets.
Data acquisition. Data were recorded during six blocks (two per condition) lasting ϳ10 min each, yielding 80 epochs of data for each cue type per condition. Electrophysiological signals were recorded with a BioSemi ActiveTwo 64-channel EEG acquisition system in conjunction with BioSemi ActiView software (Cortech Solutions). Signals were amplified and digitized at 1024 Hz with a 24-bit resolution and no on-line filter. All electrode offsets were maintained between Ϯ20 mV.
Data analysis. Raw EEG data were referenced to the average off-line and high-pass filtered at 0.1 Hz with a zero-phase shift (noncausal) finite impulse response Butterworth filter. Eye artifacts were removed through an independent component analysis by excluding components consistent with topographies for blinks, eye movements, and the electrooculogram time series. Data were segmented into epochs beginning 200 ms precue onset and ending 800 ms posttarget onset. This preprocessing was conducted in Brain Vision Analyzer (Cortech Solutions) and exported to Matlab (Mathworks) for all subsequent analyses. To minimize spurious peak event-related potential (ERP) measures, epochs were low-pass filtered at 30 Hz with a zero-phase shift (noncausal) finite impulse response Butterworth filter. Epochs that exceeded a voltage threshold of Ϯ75 V were rejected. A 200 ms precue baseline was subtracted from each epoch before calculating the ERP. Peak P1 values were chosen as the largest local peak amplitude between 50 and 150 ms poststimulus onset, the N1 was identified as the most negative local peak amplitude between 120 and 220 ms, and the P3 values were chosen as the largest local peak amplitude between 300 and 500 ms poststimulus onset. These temporal windows do not reflect the range of observed peak latencies, but rather serve to guide selection of ERP measures, as previously reported (Gazzaley et al., 2008; Zanto et al., 2010) . Mean amplitudes were measured by averaging over a temporal window (10 ms for P1 and N1; 25 ms for P3) centered around Figure 1 . Experimental paradigm. The cue and target were randomly selected for each trial from three different cue types and two different target types. S, Short foreperiod (600 ms); L, long foreperiod (1400 ms); N, neutral cue (600 or 1400 ms); ITI, intertrial interval. The meaning of the target (x or ϩ) was contingent on the experimental condition (detection, go/no-go, or forced choice). (Tallon-Baudry and Bertrand, 1999) . Alpha power was then normalized for each participant by calculating the z-score over time from data that was concatenated across all conditions and cue types. Contingent negative variation (CNV) and alpha band measures of expectation are best observed immediately preceding an expected event (Brunia and Damen, 1988; Foxe et al., 1998) ; therefore, a temporal window was defined during the foreperiod over the 200 ms before target onset. Three posterior-occipital regions of interest (ROIs) were created by averaging over five electrodes from the central (CPZ, PZ, POZ, P1 P2), left (P7, P9, PO3, PO7, O1), and right (P8, P10, PO4, PO8, O 2 ) hemisphere, consistent with the topographical distribution of the visual ERP. One ROI was chosen for ERP analysis as defined by the region that displayed the largest ERP component after averaging over all cue types, conditions, and age groups. The right hemisphere ROI was used for P1 and alpha band analysis, the left hemisphere ROI for the N1, and the central ROI for the P3 and CNV. Although the CNV is often reported at frontocentral regions (Brunia, 1988) , it may also be observed in posterior-central regions (Simson et al., 1977; van Boxtel and Brunia, 1994) , which may reflect less motor-related expectation and more perceptual anticipatory processes in the visual domain (Ruchkin et al., 1986) . Statistical analysis for EEG as well as behavioral data used a repeated-measures ANOVA with a Greenhouse-Geisser correction when appropriate. Post hoc analyses consisted of two-tailed t tests.
Results

Behavioral performance
Very high accuracy was achieved by both age groups for all conditions (ϳ97%); therefore, further behavioral analysis focused on response times (RTs), as summarized in Table 2 . A four-way ANOVA was conducted on the RTs with condition (detection, go/no-go discrimination, forced-choice discrimination), foreperiod (long, short), cue (predictive, neutral), and age (younger, older) as factors. Post hoc t tests were conducted to inform the cue ϫ foreperiod ϫ age interaction: predictive cues were compared with neutral cues for each age group and foreperiod length (collapsed across condition). Results showed that younger adults only used predictive cues for the short foreperiod (PS vs NS: t (19) ϭ 6.83, p Ͻ 0.001), not for the long foreperiod (PL vs NL: t (19) ϭ 0.80, p ϭ 0.43), whereas older adults did not use the predictive cues to enhance performance for either short (PS vs NS:
2). To evaluate age-related differences further, a direct comparison of the cueing effect (NS Ϫ PS) between age groups confirmed that younger adults benefited more from cues predicting short foreperiods than older adults did (t (38) ϭ 4.62, p Ͻ 0.001), whereas there were no cueing differences between age groups for long foreperiods (NL Ϫ PL; t (38) ϭ 0.89, p ϭ 0.38). Of note, the current results showed that neither younger nor older adults used the predictive cue for the long foreperiod (i.e., NL ϭ PL), replicating previous findings in younger adults in both the visual (Miniussi et al., 1999) and auditory (Stefanics et al., 2010) domains. This is likely due to the equated conditional probability of a target appearing following a long foreperiod regardless of the preceding cue type; PL cues do not provide additional information beyond NL cues once the short foreperiod time has elapsed. In summary, the results indicate that younger adults use predictive cues to benefit performance, whereas older adults do not use temporal cues to effectively allocate attention in time to benefit perceptual performance. The absence of a significant four-way interaction suggests that this interaction was not dependent on task, and thus not a function of manipulations in perceptual and motoric demands.
Post hoc t tests were also conducted to inform the condition ϫ foreperiod ϫ age interaction, although not explicitly a focus of the current study. The short and long foreperiod were contrasted for each condition and age group (collapsed across cue). Results show that both younger and older adults display faster RTs following a long foreperiod versus a short foreperiod for the detection condition (young: t (19) ϭ 2.13, p Ͻ 0.05; older: t (19) ϭ 3.20, p Ͻ 0.005) and this effect was larger for older than for younger adults (t (38) ϭ 2.51, p Ͻ 0.05). However, RT differences between the foreperiod lengths were not observed in either age group for the discrimination conditions (go/no-go discrimination, forcedchoice discrimination; p Ͼ 0.1, each comparison). To explore age-related changes further, RTs were contrasted between the younger and older adults for each condition and foreperiod length (collapsed across cues). Results showed that, following a short foreperiod, younger adults respond faster than older adults (Fig. 3A) . Together, these results suggest that older adults perform equivalently to younger adults when the following two conditions are met: (1) task with simple perceptual processing and motoric response (detection) and (2) longer time required before a response (long foreperiod). However, in the setting of a short foreperiod or increased perceptual and motoric demands at either foreperiod length, age-related response slowing is manifest.
Cue processing
The P1 (ϳ100 ms after stimulus onset) and N1 (ϳ170 ms after stimulus onset) components of the visual ERP are neural measures of activity in visual association cortical areas and are modulated by spatial-, feature-and object-based attention (Hillyard and Münte, 1984; Mangun, 1995; Gazzaley et al., 2005b; Schoenfeld et al., 2007; Zanto and Gazzaley, 2009 ). Thus, the P1 and N1 time-locked to the temporal cue stimuli were analyzed to assess whether age-related differences in visual processing of the cues may have contributed to performance differences. Mean amplitude and latency measures (Table 3 ) from the cue-evoked P1 and N1 were submitted to a four-way ANOVA with condition (detection, forced choice, go/no-go), foreperiod (long, short), cue (predictive, neutral), and age (younger, older) as factors. The P1 amplitude and latency each elicited a foreperiod ϫ age interaction (amplitude: F (1,38) ϭ 5.19, p Ͻ 0.05; latency: F (1,38) ϭ 5.81, p Ͻ 0.05). Post hoc t tests revealed that the difference of P1 amplitude and latency between short and long foreperiods (long Ϫ ahort; collapsed across condition and cue) varied across age groups, such that both difference measures were greater in younger versus older adults (amplitude: t (38) ϭ 2.27, p Ͻ 0.05; latency: t (38) ϭ 2.41, p Ͻ 0.05). No other interaction or main effects were observed for the P1.
The N1 amplitude elicited a main effect for condition (F (2,76) ϭ 4.73, p Ͻ 0.05), such that the cues in the go/no-go task yielded a smaller N1 than cues in the detection (t (39) ϭ 2.76, p 0.01) and forced-choice (t (39) ϭ 2.58, p Ͻ 0.05) tasks. Additionally, a foreperiod ϫ cue interaction was observed (F (1,38) ϭ 6.40, p Ͻ 0.05), indicating that the PS N1 was larger than the PL N1 (t (39) ϭ 2.97, p Ͻ 0.01) and NS was not different from NL. Thus, the N1 amplitude may serve as an index for temporal cue processing.
The N1 latency analysis yielded main effects for age (F (1,38) ϭ 8.52, p Ͻ 0.01), cue (F (1,38) ϭ 12.97, p Ͻ 0.001), and foreperiod (F (1,38) ϭ 4.66, p Ͻ 0.05), such that it was delayed in older adults (Fig. 4) and peaked later following predictive cues, as well as during trials that preceded a long foreperiod. Additionally, a foreperiod ϫ cue interaction was observed (F (1,38) ϭ 12.14, p Ͻ 0.005), indicating that the N1 following a PL cue peaked later than PS (t (39) ϭ 3.54, p Ͻ 0.005), NS (t (39) ϭ 4.56, p Ͻ 0.001), and NL (t (39) ϭ 5.25, p Ͻ 0.001) cues. These results further suggest that the N1 serves as an index for temporal cue processing, and that this cue processing is delayed in older adults.
Of note, the absence of significant age ϫ cue interactions for any of these neural measures to cue stimuli suggests that differences in cue processing do not account of age-related behavioral differences in temporal attention.
Foreperiod activity
Perhaps the most well documented neuroelectric signature of prestimulus temporal expectation is the CNV. The CNV is elicited during the foreperiod (i.e., time between cue and target; Walter et al., 1964) and is a low-frequency (slow) wave that becomes increasingly more negative as the time approaches when the impending target is expected (Macar and Vidal, 2004; Pfeuty et al., 2005) . Thus, mean CNV amplitudes (Table 4) preceding the target stimuli were submitted to a four-way ANOVA with condition (detection, forced choice, go/no-go), foreperiod (long, short), cue (predictive, neutral), and age (younger, older) as factors. Main effects were observed for cue (F (1,38) ϭ 6.17, p Ͻ 0.05) and foreperiod (F (1,38) ϭ 17.71, p Ͻ 0.001). Two-way interactions were observed for foreperiod ϫ cue (F (1,38) ϭ 6.20, p Ͻ 0.05) and foreperiod ϫ age (F (1,38) ϭ 9.77, p Ͻ 0.005). Additionally, a three-way interaction was observed for cue ϫ foreperiod ϫ age (F (1,38) ϭ 6.38, p Ͻ 0.05). A four-way interaction was not observed (F (2,76) ϭ 2.09, p ϭ 0.13).
Post hoc t tests were conducted to inform the cue ϫ foreperiod ϫ age interaction. Comparable to the RT analysis, the CNV following predictive cues were compared with the CNV following neutral cues for each age group and foreperiod length (collapsed across condition). Results showed that PS cues elicit a larger (i.e., more negative) CNV relative to NS cues in younger adults (t (19) ϭ 5.09, p Ͻ 0.001; Fig. 5A ), whereas no significant cueing effect was identified for the CNV in older adults (p Ͼ 0.1; Fig. 5B ). Consistent with behavioral results, no cueing effect was observed following the long foreperiod for either age group (p Ͼ 0.4, each comparison; Fig. 5C,D) . Direct comparisons between the age groups show comparable CNV amplitudes for PS, NS, and NL cues (p Ͼ 0.15, each comparison), whereas older adults elicit more negative CNV amplitude following PL cues (t (38) ϭ 2.51, p Ͻ 0.05). However, this result is difficult to interpret as both age groups responded similarly to NL cues, while neither age group displayed a cueing effect neurally or behaviorally following a long foreperiod (NL Ͼ PL). Importantly, the magnitude of the CNV cueing effect (NS Ϫ PS) was larger in younger relative to older adults (t (38) ϭ 4.20, p Ͻ 0.001), which is consistent with the Figure 3 . Age-dependent changes across conditions. A, Response times following a long foreperiod were not different between age groups for the easiest task (detection). However, age-related slowing was observed during tasks that required more cognitive processing (go/ no-go and forced choice). B, Similar to response times, the latency of the P3 was delayed in older adults only during tasks that required more cognitive processing than detection. *p Ͻ 0.05.
behavioral finding that younger adults use cues to enhance performance, whereas older adults do not use predictive information to help allocate attention in time (Fig. 2) . Of note, similar CNV results were observed at a frontocentral ROI (AFZ, FZ, FCZ, F1, F2). Although the frontal ROI findings were less pronounced, they corroborate the findings from the posterior CNV and behavioral data to indicate an age-related decline in attentional allocation.
Prestimulus alpha (8 -12 Hz) activity is often attributed to the biasing of sensory processing areas, such that power in visual regions is modulated by attentional cues before an impending stimulus onset (Foxe et al., 1998; Worden et al., 2000; Bressler et al., 2008; Capotosto et al., 2009 ) to optimize subsequent perceptual performance (Ergenoglu et al., 2004; Hanslmayr et al., 2007; Van Dijk et al., 2008) . Therefore, mean z-scored alpha power (Table 4 ) preceding the target stimuli was also submitted to a four-way ANOVA. Main effects were observed for cue (F (1,38) ϭ 42.44, p Ͻ 0.001), foreperiod (F (1,38) ϭ 33.71, p Ͻ 0.001), and age (F (1,38) ϭ 4.13, p Ͻ 0.05). Two-way interactions were observed for cue ϫ age (F (1,38) ϭ 9.60, p Ͻ 0.005), foreperiod ϫ age (F (1,38) ϭ 8.21, p Ͻ 0.01), and foreperiod ϫ cue (F (1,38) ϭ 26.05, p Ͻ 0.001). Additionally, three-way interactions were observed for cue ϫ foreperiod ϫ age (F (1,38) ϭ 5.90, p Ͻ 0.05) and condition ϫ foreperiod ϫ cue (F (2,76) ϭ 4.27, p Ͻ 0.05). A four-way interaction was not observed (F (2,76) ϭ 1.00 p ϭ 0.37).
Post hoc analysis to evaluate the cue ϫ foreperiod ϫ age interaction indicated that PS cues elicited reduced alpha power relative to NS cues, in both younger (t (19) ϭ 6.29, p Ͻ 0.001; Fig. 6 A) and older (t (19) ϭ 3.36, p Ͻ 0.005; Fig. 6 B) adults, whereas alpha activity was not modulated by cues preceding a long foreperiod in either age group (p Ͼ 0.7 for younger and older adults; Fig.  6C,D) . However, the magnitude of alpha modulation for the short foreperiod (PS Ϫ NS) was reduced in older compared with younger adults (t (38) ϭ 3.38, p Ͻ 0.005). These results indicate that both younger and older adults use PS cues to modulate pretarget alpha, but this temporal cueing effect is diminished in aging.
The absence of a significant four-way interaction for either the CNV or pretarget alpha suggests that this interaction was not dependent on task demands.
Target processing
The P3 has been shown to be influenced solely by temporal expectation, such that the amplitude is enhanced and the latency of the P3 to target stimuli is speeded when a target is expected at a prespecified point in time (Miniussi et al., 1999) . Therefore, mean amplitude and latency measures (Table 5) for the targetevoked P1, N1, and P3 were submitted to separate four-way ANOVAs with condition (detection, forced choice, go/no-go), (F (1,38) ϭ 44.79, p Ͻ 0.001) and a condition ϫ age interaction (F (2,76) ϭ 3.35, p Ͻ 0.001). Post hoc analysis showed that younger adults display larger N1 amplitude during the forced-choice task compared with detection (t (19) ϭ 2.90, p Ͻ 0.005), where older adults do exhibit this differential response based on task (p Ͼ 0.7). However, direct comparisons between age groups indicate no age-related differences in the N1 amplitude for each task (p Ͼ 0.1, each comparison). Analysis of the N1 latency showed a main effect for condition (F (2,76) ϭ 3.19, p Ͻ 0.05), such that it was slower during the forced-choice task compared with detection (t (39) ϭ 2.40, p Ͻ 0.05) and go/no-go (t (39) ϭ 1.89, p ϭ 0.06), which were not different from each other (p Ͼ 0.5). This suggests that generalized slowing of perceptual processing with aging does not account for the delay observed at the cue-evoked N1, as the target-evoked P1 and N1 display no age-related changes.
Analysis of the P3 amplitude elicited main effects for cue (F (1,38) ϭ 20.21, p Ͻ 0.001) and condition (F (2,76) ϭ 3.43, p Ͻ 0.05), indicating that the P3 was larger when targets were predictively cued, and smaller for the forced-choice task compared with detection and go/no-go tasks, which were not different from each other. Additionally, a cue ϫ foreperiod interaction was observed (F (1,38) ϭ 10.70, p Ͻ 0.005). Post hoc analysis showed that the P3 was largest following PS targets compared with PL, NS, and NL targets (p Ͻ 0.001, each comparison), which were not different from each other.
Analysis of the P3 latency displayed a foreperiod main effect (F (1,38) ϭ 10.12, p Ͻ 0.005), such that the P3 was faster following a long foreperiod. Moreover, a foreperiod ϫ age (F (1,38) ϭ 15.39, p Ͻ 0.001) and a condition ϫ age (F (2,76) ϭ 4.07, p Ͻ 0.05) interaction was observed. Post hoc analysis showed that the P3 following a long foreperiod was faster in younger adults compared with the P3 following a short foreperiod (t (19) ϭ 4.34, p Ͻ 0.001) and faster than the P3 in older adults regardless of foreperiod length (short: t (38) ϭ 2.95, p Ͻ 0.01; long: t (38) ϭ 2.95, p Ͻ 0.01), which was not different from each other (p Ͼ 0.7). Furthermore, younger adults elicited a faster P3 than older adults during the forced-choice (t (38) ϭ 2.75, p ϭ 0.009) and go/no-go (t (38) ϭ 2.81, p ϭ 0.008) conditions, whereas no age-related difference was observed during detection (t (38) ϭ 0.61, p Ͼ 0.5; Fig.  3B ). These results show the P3 latency effects to the target were similar to the performance results in that younger and older adults process the targets and respond to them in a comparable fashion for the easiest condition (detection), but age-related delays in processing and response time appear as task demands increase.
Of note, no significant age ϫ cue interaction was observed for any of these target measures, revealing that the differences in temporal attention performance are not due to differential perceptual processing of the targets.
Relationship between cue processing and foreperiod activity Thus far we have shown that the cue-evoked N1 is modulated by cued information and that it is slower in older adults. Interestingly, the target-evoked N1 was not delayed in older adults, suggesting a specific delay in the older adults' ability to process and possibly extract cued information. We have also shown that older adults do not use cued information to modulate the CNV amplitude or alpha power following short foreperiods, as the younger adults did. Therefore, it is possible that the short foreperiod was too brief a time for older adults to engage expectation-driven neural mechanisms because they required more time than younger adults to extract the cued information. To evaluate whether the N1 for cue processing was related to the magnitude of the CNV or alpha power preceding the target, a regression analysis was conducted for each cue type and foreperiod length (collapsed across condition). No significant correlation was observed between the amplitude or latency of the N1 and the amplitude of the CNV or alpha power (p Ͼ 0.1, all comparisons). Thus, there is no evidence that cue-related changes in pretarget neural measures of expectation are attributable to early visual processing delays to the cue.
Discussion
The current study used a temporally cued, target-response task to assess age-dependent changes in temporal attention and alterations in neural mechanisms that underlie performance deficits. The results indicated that, regardless of perceptual and motoric task demands, younger adults used temporal cues to enhance performance, such that RT was faster when cued for a short foreperiod relative to neutral cues, while older adults did not benefit from this predictive information. Moreover, older adults exhibited an alteration in two neural markers of expectation during the foreperiod (i.e., cueing effects on the CNV and alpha power). These parallel three-way interactions (cue ϫ foreperiod ϫ age) for behavioral and neural data converge to indicate that independent of task complexity, the ability to allocate attention to a prespecified point in time is detrimentally affected by normal aging.
Age-related deficit in attentional orienting to points in time
The behavioral and neural results of the current study corroborate previous reports that younger adults use temporal cueing to enhance detection performance (Miniussi et al., 1999) , and extend these findings by showing this same benefit exists for discrimination tasks consistently across two motoric response manipulations. Notably, the data further reveal that older adults do not use temporal cues to improve performance, regardless of the perceptual or motor demands of the task. We interpret these findings to reflect a deficit in older adults' ability to engage expectation mechanisms to guide optimal performance.
The current paradigm required rapid attentional allocation, and so the possibility exists that an expectation deficit might not be evident with a longer foreperiod. Interestingly, recent research (9) 453 (7) using a 6 s foreperiod indicates that older adults have a deficit in expectation-based neural modulation when cued for object category (Bollinger et al., 2011) , similar to the current findings with a shorter foreperiod. Therefore, the duration of the foreperiod may not the source for the observed decline in temporal orienting. The possibility should also be considered that this age-related finding reflects differences in strategy, such that younger adults use temporal cues to guide behavior, whereas older adults dismiss them and rely solely on conditional probability (i.e., if the target does not follow a short foreperiod, then it must follow a long foreperiod). However, three findings indicate that this is not the case. First, conditional probability effects were not observed in either age group for the discrimination tasks (go/no-go, forcedchoice); thus, age-related differences in these tasks cannot be explained by older adults using a conditional probability strategy. Second, cue-evoked N1 amplitude and latency measures were modulated by the nature of the cued information in both age groups, indicating that the temporal cues were processed and not missed or dismissed. Finally, alpha activity preceding the target was modulated by PS relative to NS cues in both age groups regardless of task, it was just more so for younger adults, further indicating that both younger and older adults processed the predictive temporal cue based on its meaning to some extent. Together, we conclude that the inability to orient attention to specific points in time in the older adult population is not the result of differences in strategy.
In considering whether the current results are influenced by age-related deficits in perceptual or motoric abilities, it should first be noted that both RT and the P3 to target stimuli are delayed in older adults as a function of task complexity (Fig. 3) . This supports previous research indicating that advanced age is associated with slower performance on a wide range of speeded tasks, and that slowing is exaggerated with increased task complexity (Kok, 2000; Salthouse, 2000; Drag and Bieliauskas, 2010) . Consistent with this, when task demands were minimal (i.e., the detection task) and temporal cues were no longer relevant (i.e., at long foreperiods neither age group used the cue), RT and P3 latency were comparable between age groups, suggesting that simple motor and perceptual processes are preserved, while more complex processes decline in aging. It has been suggested that age-related slowing in simple repetitive tasks is mainly related to slowing at the stage of perceptuo-motor processes in mid-age and after 60 years of age, to additional decline of attention (Godefroy et al., 2010) . Nonetheless, the absence of a four-way interaction indicates that the perceptual and motoric manipulations did not differentially affect the older adults inability to use the temporal cues. Thus, the current results support the hypothesis that older adults have difficulties preparing for uncertain events (Salthouse, 1985) , which is independent of diminished perceptual and motor abilities.
Neural mechanisms of temporal attention deficits in aging
Overlapping frontal, parietal, and motor networks have been observed to be activated when directing attention to points in time (Coull and Nobre, 1998) . These networks encompass the dorsolater and ventrolateral prefrontal cortices, premotor cortex, interparietal sulcus, visual cortex, thalamus, and cerebellum. This indicates both perceptual and motor regions are used for temporal processing (Nobre et al., 2007) .
EEG and ERP studies of temporal expectations show that temporal orienting cues trigger anticipatory brain states thought to reflect changes in perceptual and motor preparation involving sharpening of CNV and increased desynchronization of activity in the alpha band (Miniussi et al., 1999; Praamstra et al., 2006; Rohenkohl and Nobre, 2011) . Some of the anticipatory processes regulating neuronal excitability in temporal orienting tasks may be similar to those that occur in response to the natural temporal regularity within contexts of rhythmic stimulation (Canolty et al., 2006; Nobre et al., 2007; Schroeder and Lakatos, 2009 ). Here we show age-related alterations in CNV and alpha modulation during the foreperiod and interpret these as neural signatures of a temporal expectation deficit in aging.
Source localization of the CNV has indicated that it reflects both motor cortex engagement (Rektor, 2002; Nagai et al., 2004) and frontoparietal network involvement (Gó mez et al., 2007) , which falls in line with the proposed role of the CNV in motor and perceptual expectation (Loveless and Sanford, 1974; Brunia and Damen, 1988) . Similarly, alpha activity is under the influence of frontoparietal neural networks (Capotosto et al., 2009 ) and a decrease in alpha activity is thought to be a signature of visual cortex excitability for an impending stimulus (Romei et al., 2008) . Thus, the temporal expectation deficit in aging may stem from a deterioration of frontoparietal attentional networks, as both the CNV and alpha modulation may reflect a degraded influence of top-down control on motor and perceptual expectation-driven processes. This is supported by recently documented age-related changes in frontoparietal networks during the expectation period of a category cueing task (Bollinger et al., 2011) .
In addition to spectral power, phase information is also related to cortical excitability and measures of expectation. Recent research has demonstrated alpha phase modulates gamma (30 -70 Hz) (Osipova et al., 2008) and high gamma (80 -150 Hz) (Voytek et al., 2010) amplitude, which may explain why alpha phase also predicts subsequent visual perception (Busch et al., 2009; Mathewson et al., 2009; Busch and VanRullen, 2010) . Moreover, in the context of rhythmic stimulation, lower frequency delta (0.5-3 Hz) phase mediate levels of expectancy as measured through speeded response times in macaques (Lakatos et al., 2008) and humans (Stefanics et al., 2010) . Interestingly, the CNV resides within the delta frequency band, the amplitude of which inversely correlates with response times such that larger (i.e., more negative CNV amplitudes) result in shorter response times (Rohrbaugh and Gaillard, 1983 ). This result is analogous to the relationship between delta activity and response times in humans, as both negative phase and larger negative amplitude predicts faster response times (Stefanics et al., 2010) . It was suggested that the CNV, similar to delta band activity, might reflect a lowfrequency cortical oscillation that is reset by a cue stimulus (Lakatos et al., 2008) . However, further research is required to fully understand this relationship.
Expectation deficit hypothesis of cognitive aging
We propose the observed age-related behavioral and neural deficit in temporal attention is reflective of a more widespread expectation deficit underlying a diverse array of cognitive deficits that occur with normal aging. Here, we show an expectation deficit in the temporal domain using three different tasks, which manipulate perceptual demand (i.e., detection and discrimination) as well as motor execution demands (i.e., bimanual and selective unimanual). Spatial attention research using cues of an ensuing target's spatial location have indicated that response times in older adults do not benefit from cueing as much as in younger adults (Rabbitt, 1979; Hoyer and Familant, 1987) . Previous research has also shown that older adults display attentional orienting deficits following object-and feature-based cues, which impact subsequent working memory performance (Gazzaley et al., 2005a (Gazzaley et al., , 2008 Zanto et al., 2010) . Moreover, Bollinger et al. (2011) demonstrated age-related declines in object-based expectation mechanisms with a negative influence on working memory and long-term memory performance in older adults. These convergent results using different types of attention tasks (i.e., temporal, spatial, feature, object-based), performance measures (i.e., detection, discrimination, working memory, longterm memory), and motor requirements (i.e., bimanual, selective unimanual, no motor response) reveal that older adults do not effectively use expectation-based mechanisms to benefit task performance.
A failure in engaging expectation mechanisms may lead to muted neural responses to a stimulus compared with the scenario in which expectations are formed and a stimulus is matched to a predefined temporal template. A direct prediction of this hypothesis would be that older adults show less neural activity when surprised by an unexpected stimulus because novel stimuli would not deviate from processes that would otherwise be engaged by an expected template. Indeed, older adults yield fewer eye-blinks, as well as smaller N1 and P3 amplitudes, to startling sounds, even when stimuli are equated for an age-related decline in bottom-up sensitivity (Ford and Pfefferbaum, 1991; Ford et al., 1995) . Additionally, infrequent (unexpected) visual and somatosensory stimuli yield smaller P3 amplitudes in older adults (Looren de Jong et al., 1989; Yamaguchi and Knight, 1991; Dujardin et al., 1993) . While these results are typically interpreted as signatures of a deficit in attentional capture, this does not preclude the possibility that it stems from a decline in expectation-based processes.
Conclusions
The current neural and behavioral findings converge to show that only younger adults use temporal cues to enhance performance during detection, forced-choice discrimination, and go/no-go discrimination tasks. This reveals that older adults have a deficit in orienting attentional resources over time, independent of task demands. Overall, these results support the hypothesis that behavioral deficits in older adults may be the result of deficient expectation-based neural processes.
